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ABSTRACT: Lanthanide-based upconverting nanoparticles ex-
hibit signiﬁcant promise for solar energy generation, biological
imaging, and security technologies but have not seen widespread
adoption due to the prohibitively low eﬃciencies of current
materials. Weak transition dipole moments between 4f orbitals
hinder both photon absorption and emission. Here, we introduce
a novel way to increase the radiative transition rates in Yb,Er-based
upconverting nanoparticles based on local symmetry distortion.
Beginning from a host matrix of the well-studied hexagonal (β)-
phase NaYF4, we incrementally remove Y
3+ ions and cosubstitute
for them a 1:1 mixture of Gd3+ and Lu3+. These two ions act to expand and contract the lattice, respectively, inducing local-level
distortion while maintaining the average host structure. We synthesize a range of β-NaY0.8−2xGdxLuxF4:Yb0.18Er0.02 nanoparticles
and experimentally conﬁrm that particle size, phase, global structure, and Yb3+ and Er3+ concentrations remain constant as x is
varied. Upconversion quantum yield is probed as the degree of cosubstitution is varied from x = 0 to x = 0.24. We achieve a
maximum quantum yield value of 0.074% under 63 W/cm2 of excitation power density, representing a 1.6× enhancement over
the unmodiﬁed particles and the highest measured value for near-infrared-to-visible upconversion in sub-25 nm unshelled
nanoparticles. We also investigate upconversion emission at the single-particle level and report record improvements in emission
intensity for sub-50 nm particles. Radiative rate enhancements are conﬁrmed by measuring excited-state lifetimes. The approach
described herein can be used in combination with more established methods of eﬃciency improvement, such as adding
passivating shells or coupling to plasmonic nanoattenas, to further boost the upconversion quantum yield.
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Photon upconversion (UC) describes the creation of a high-energy photon from two or more lower energy photons.
Recent advances in syntheses,1−5 materials,6−13 and imple-
mentation techniques14−16 have contributed to a resurgence of
enthusiasm surrounding UC. Much of the innovation in the
ﬁeld has been driven by researchers seeking to boost the
eﬃciency of solar cells6,17−27 or searching for a biocompatible
and background-free ﬂuorescence imaging technology.28−36 For
these applications as well as security, display, and photo-
detection technologies,37−42 lanthanide-doped nanoparticles
constitute an attractive class of materials. These materials
generally absorb near-infrared (NIR) light and subsequently
convert it to visible light. This NIR-to-visible type of UC is
ideal for relatively wide band gap photovoltaic technologies
which are not conveniently converted into tandem architec-
tures.17,19 Moreover, NIR light generally penetrates more
deeply through and is less damaging to biological tissue
compared to other photon energies.30,32,36,39 The ability to
utilize NIR excitation coupled with an inherently high signal-to-
noise ratio (due to the fact that no component of tissue
naturally upconverts) makes lanthanide-based upconverters an
attractive candidate for bioimaging applications.
Current lanthanide-based upconverting nanoparticles, how-
ever, remain hindered by low quantum eﬃciencies: 100 nm
particles of the longtime standard material, hexagonal- or β-
phase NaYF4 codoped with Yb
3+ and Er3+, have demonstrated a
UC quantum yield of 0.3% (considering only the green
emission bands of Er3+) when illuminated with 150 W/cm2 of
980 nm light.43 For 10 nm particles of the same composition
under the same incident power, this value drops to 0.005% as a
result of the increased impact of surface quenching.26,43,44
Reasons that contribute to these low eﬃciencies are weak
absorption in Yb3+ and prevalent nonradiative relaxation of
excited Er3+ states via coupling to host lattice phonon
modes.7,14,15,30,45−48 Both of these deleterious eﬀects stem
from the parity-forbidden nature of every transition involved in
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lanthanide-based materials systems. Concisely, the parity
selection rule states that electric dipole transitions that do
not include a change in parity cannot occur.49 This rule hinges
on the assumption that the initial and ﬁnal states involved in
the transition exhibit deﬁnite parity (i.e., belong to a
centrosymmetric point group). As a result, the selection rule
can be circumvented by distorting the symmetries of the states
in question such that they have neither deﬁnitely even nor
deﬁnitely odd parity. Achieving parity selection rule relaxation
in the β-NaYF4:Yb,Er UC system would engender more
probable absorption and radiative emission events and
therefore yield an overall enhancement to quantum yield.
Our previous research in this direction has achieved
successful emission enhancement using mechanical compres-
sion to distort the host matrix.47 Notably, hydrostatic pressure
was used to enhance the overlap between the host lattice ion
atomic orbitals and those of the dopant lanthanides. This
increased overlap led to enhanced orbital mixing and, given the
pressure-distorted symmetry of the host, reduced selection rule
applicability. The external stresses required to accomplish this
modulation, however, are on the order of several hundred MPa.
The observed UC emission increase is correspondingly limited
by the plastic deformation and crystal damage that occur under
such harsh conditions. Inducing lattice modulation in the
absence of external means and without simultaneously
damaging the host matrix thus remains an open pathway
toward improved eﬃciencies in lanthanide-based upconverting
nanoparticles.
Here, we demonstrate an enhancement in UC quantum yield
via direct manipulation of the local symmetry environments of
the dopant ions in β-NaYF4:Yb,Er nanoparticles. We achieve
this improvement by cosubstituting (i.e., substituting in equal
parts) Gd3+ and Lu3+ for Y3+ in the host lattice. The slightly
larger Gd3+ and slightly smaller Lu3+50 compensate one another
such that as Y3+ is systematically replaced, the average, large-
scale structure of the host remains unchanged, but the nearest
neighbor environment of any given Yb3+ or Er3+ ion becomes
distorted. In this fashion, we are able to increase transition
dipole moments without deleteriously aﬀecting the global
lattice. By simultaneously monitoring UC quantum yield and
excited-state lifetimes as a function of the degree of
cosubstitution, we are able to probe beneﬁcial changes to the
radiative rates of the system. We further characterize the
morphology, structure, and composition of our nanoparticles
using transmission electron microscopy (TEM), X-ray
diﬀraction (XRD), and inductively coupled plasma optical
emission spectrometry (ICP-OES), respectively. Using these
techniques we conﬁrm that cosubstitution yields particles that
are unchanged by all metrics other than local symmetry.
Together our experiments highlight the importance of host
lattice symmetry and provide a facile, reliable, and broadly
implementable framework for substantially improving the
quantum yield of any lanthanide-based upconverting system.
β - P h a s e n a n o p a r t i c l e s o f c o m p o s i t i o n
NaY0.8−2xGdxLuxF4:Yb0.18Er0.02 were colloidally synthesized
following a procedure described by Wang et al.1 Samples
were made spanning the range x = 0 to x = 0.24 in increments
of 0.04, where x is hereafter termed the “cosubstitution value”.
The structure of β-NaYF4 is shown in Figure 1a. The vertices of
the unit cell are occupied by Y3+ ions, while the internal cation
sites are occupied by a random, 1:1 mixture of Y3+ and Na+
ions. It has been shown previously that this cation disorder
produces a distribution of cation-F− bond lengths throughout
the host.46,51 Speciﬁcally, due to the diﬀerences in size and
valency between the two cations, bonds between Y3+ and F−
will be shorter than the average cation−F− bond length in the
lattice, while Na+−F− bonds will be longer than the average. As
a result, the local environments experienced by the Yb3+ and
Er3+ ions (which reside in the Y3+ sites in the host matrix) are
slightly distorted from perfect trigonal tricapped prismatic
symmetry. This symmetry reduction has been touted as one of
the primary reasons, alongside favorable phonon mode
energies, that β-NaYF4 typically yields very high eﬃciencies
as a host material for lanthanide-based UC.7,46,51
We hypothesized that we could achieve even higher UC
quantum yields by exacerbating this local symmetry reduction.
Namely, by cosubstituting Gd3+ (which has an ionic radius of
107.8 pm) and Lu3+ (100.1 pm) for Y3+ (104.1 pm),50 we
sought to further expand the cation−F− bond length parameter
space. Our rationale is depicted graphically in Figure 1b. In the
unperturbed material, each of the F− anions that coordinates a
given dopant Yb3+ or Er3+ ion is also bonded to some
combination of Y3+ and Na + cations. When Gd3+ and Lu3+ are
introduced, the total number of possible bonding conﬁg-
urations is signiﬁcantly increased. We therefore expect the
magnitude of distortion to the symmetry environments of each
upconverting ion to increase in a similar fashion. Our
hypothesis is inspired by prior work showing improved
upconversion with Li+ or Mn2+ doping.52−56 However,
employing a single dopant does not allow for independent
control of both the local host matrix symmetry and the global
lattice constant. Given the known sensitivity of lanthanide-
based upconverting materials to the size and geometry of the
host lattice unit cell,47 such control is extremely important. We
Figure 1. Host lattice structure. (a) Schematic depicting the unit cell
of β-NaYF4; basal edges are of length a and the cell height is given by
c. One internal site is occupied by Na+ and Y3+ (1:1), while the second
contains a Na+ ion. Y3+ and F− ions are located at the cell vertices
(blue) and interstices (red), respectively. Dopant lanthanides
introduced are assumed to occupy the Y3+ sites as shown. (b)
Diagrams considering only the nearest neighbor environment of a
given absorbing or emitting lanthanide ion (i.e., Yb3+ or Er3+,
respectively), such as the boxed region in (a). In the native,
unmodiﬁed material (left), the upconverting ions experience a trigonal
tricapped prismatic crystal environment. When the cosubstitution
value is nonzero (right), we hypothesize that the F− positions will be
altered such that the symmetry of the site becomes distorted. Note
that the resultant distortion is exaggerated for clarity and that the Gd3+
and Lu3+ ions (not shown) randomly occupy Y3+ sites in the second-
nearest-neighbor shell of the Yb3+/Er3+ in question.
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Figure 2. Nanoparticle size and uniformity. (a−g) TEM micrographs showing a representative collection of nanoparticles for each sample.
Nanoparticle size histograms are included as insets for each sample; each shows the number of particles counted throughout the range of 8−22 nm
in diameter. Gaussian curves are used to ﬁt the histograms and extract the center, which is displayed. The standard deviation in each case is 2 nm or
less. (h) Representative UC spectra obtained by irradiating the x = 0.04 (orange) and x = 0.16 (blue) samples with 100 mW of 980 nm light.
Photographs are included (inset) to further demonstrate the impact of cosubstitution on UC emission. Both samples are suspended in cyclohexane
at equal concentrations by mass.
Figure 3. UC emission characteristics. (a) UC quantum yield as a function of cosubstitution value. The total quantum yield (black) is shown as well
as that of just the green emission (green) and that of only the red (red). Guides to the eye (dotted lines) are included for each to highlight the
observed trends. Error bars convey the magnitude of systematic as well as statistical uncertainty. (b) Excited-state lifetime values for the Er3+
emission bands centered at 660 nm (red), 540 nm (green), and 525 nm (blue) obtained under 40 W/cm2 of 980 nm illumination as well as guides to
the eye (dotted lines) for each. Values were extracted from the lifetime traces (see SI) by determining the time required for each emission peak to
reach half of its initial intensity. (c) Example optical micrograph captured under 980 nm illumination for the x = 0.04 sample showing emission from
single particles (subsequently conﬁrmed via SEM correlation). (d) Single-particle UC emission intensity (shown in counts per second per nm3) as a
function of composition. Intensities were collected for at least 50 particles in each sample to generate histograms like the example shown in the inset.
These were ﬁt to Gaussian curves (solid line), and the center values were normalized by the particle size for each sample to obtain volumetric
emission intensities.
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speciﬁcally chose Gd3+ and Lu3+ so that the changes
engendered by each would modify the local symmetry while
keeping the global lattice constant of the material unchanged.
The inﬂuence of particle size (especially in regimes below
100 nm) on quantum yield in upconverting nanoparticles has
been thoroughly demonstrated in recent years.31,43,44,57 As is
common in luminescent nanoparticles, the lowered eﬃciency
with reduced particle size results from the prevalence of surface
quenching in most lanthanide-based upconverters.26,44 It is
therefore crucial that the average nanoparticle diameter in each
sample investigated here remains within a suﬃciently narrow
range such that particle size eﬀects do not mask any eﬃciency
changes engendered by cosubstitution. Figure 2a−g show
representative micrographs for each set of nanoparticles and
provide a qualitative sense of the degree of monodispersity of
each sample. Particles in each sample exhibit very good size and
shape uniformity, as is quantiﬁed by the histograms included as
insets. Each histogram was generated using a minimum of 200
particles, and the distributions were ﬁt to Gaussian curves, the
centers of which are taken to be the particle size for each
sample. A slight variation in size is apparent throughout the
cosubstitution series, although the total spread is less than 5 nm
in magnitude. Also note that nanoparticles in the unmodiﬁed
sample (i.e., x = 0) are among the largest studied, so any
enhancements attained via cosubstitution cannot be attributed
to particle size. Finally, Figure 2h shows representative spectra
as well as photographs of samples with diﬀerent amounts of
cosubstitution. As the plot demonstrates, varying x from 0.04 to
0.16 induces more than a 3× modulation of the UC emission
peak intensity. This intensity change is easily visible with the
naked eye (the sample solutions are controlled for concen-
tration by mass) and points toward the validity and promise of
cosubstitution as a means for UC quantum yield enhancement.
To measure quantum yield, we excite the nanoparticles with
a 980 nm diode laser and collect the resulting upconverted
emission in an integrating sphere. We deﬁne UC quantum yield
as the total number of visible-wavelength photons emitted
divided by the number of NIR photons absorbed. Details
regarding the involved measurements and data analysis can be
found in the SI. Absolute quantum yield data are shown in
Figure 3a. All measurements were performed using an
excitation power density of 63 W/cm2 at a wavelength of 980
nm. At this power, the unmodiﬁed particles exhibit a total
quantum yield of 0.045%, a value consistent with previous
reports in the literature.43 Upon slight cosubstitution (x =
0.04), the quantum yield jumps to 0.074%, corresponding to a
1.6× enhancement. This is to our knowledge the highest ever
measured NIR-to-visible UC quantum yield in unshelled
nanoparticles smaller than 25 nm in size.
Figure 3a also includes quantum yield data when integrating
photons from only the green-emitting transitions (i.e., the
emissions centered near 525 and 540 nm) and, conversely,
when considering only photons from the red-emitting
transition (660 nm). After the initial enhancement engendered
by a cosubstitution value of 0.04, the two quantum yield
components exhibit moderately diﬀerent behavior. Both
quantities fall sharply when the cosubstitution value is raised
from 0.04 to 0.08; as x is increased beyond this point, however,
the green UC quantum yield gradually declines from 0.018% to
its minimum value of 0.008%, whereas the red component of
the quantum yield varies only slightly from 0.008% to 0.004%.
In other words, the red UC quantum yield approaches its
minimum at a lower degree of cosubstitution than does the
green UC quantum yield, suggesting that the former is more
sensitive to cosubstitution-induced quenching mechanisms than
is the latter.
We can glean some insight from this observation by ﬁrst
noting that the fundamental diﬀerence between green and red
emission in this materials system is the number of NIR photons
necessary for each (assuming perfectly eﬃcient UC). It is well
known that radiative emission from the 525 and 540 nm peaks
of Er3+ requires two NIR photons to generate each upconverted
photon.58 Recently, however, it has been demonstrated that the
4F9/2 state responsible for 660 nm emission is predominantly
populated via a three-photon process in which the higher
energy Er3+ 2K15/2 level is involved as an intermediate state (see
SI for more details as well as a complete energy level
diagram).58 Furthermore, this manifold lies close in energy to
the 6P7/2 level of Gd
3+.59 We propose that the increased
sensitivity of the red-emitting transition to cosubstitution arises
from energy transfer from the Er3+ 4F9/2 state to the Gd
3+ 6P7/2
state.
While Gd3+ energy transfer can explain the relative
diﬀerences in the variations of the red and green UC quantum
yield components with cosubstitution, we do not believe it is
solely responsible for the general decrease observed in the
overall UC quantum yield after x = 0.04. Purely considering
local symmetry distortion, we expect cosubstitution to yield a
monotonic enhancement in quantum yield. Cosubstitution may
increase the prevalence of lattice imperfections, such as site
vacancies and defects, which can behave as quenching centers.
Given the similar ionic radii and chemical properties of Y3+,
Gd3+, and Lu3+, we do not anticipate substantial defect
induction as the host composition is varied; however, our
previous work demonstrated that UC emission in β-
NaYF4:Yb,Er nanoparticles is very sensitive to defect
concentration.47 Additional experiments are required to
conﬁrm the source of the quantum yield decrease beyond a
cosubstitution value of 0.04.
In conjunction with quantum yield, knowledge of excited-
state lifetimes is necessary to interrogate variations in the
radiative rates of the system. Figure 3b shows lifetime values for
each of the three radiative Er3+ transitions as a function of
cosubstitution value. The lifetimes for all transitions display an
overall decrease with increasing cosubstitution. Moreover, the
biggest change in lifetime occurs when x is changed from 0.00
to 0.04, paralleling the quantum yield enhancement. Given the
concurrent excited-state lifetime decrease and quantum yield
increase, we can conﬁrm that modifying the host lattice
inﬂuences and enhances the radiative transition rates in the
upconverting nanoparticles studied. That the lifetimes continue
to shorten as x is increased (and quantum yield drops) is
indicative of nonradiative relaxation pathways becoming more
favorable; this observation is consistent with the preceding
hypothesis regarding the quantum yield decrease at higher
values of cosubstitution. Similarly, we note that the lifetimes of
the green transitions exhibit a relative decrease much smaller
than that of the red transition. This discrepancy further
supports the hypothesis that the Gd3+ 6P7/2 state siphons
energy that would otherwise populate the red-emitting state in
Er3+. Despite the nuanced interplay of all of the above factors, a
distinctive trend of enhanced UC quantum yield alongside
reduced excited-state lifetimes for small cosubstitution values
remains. We observe the same trend when exciting the Er3+
states directly (see the SI for these data and further discussion),
conﬁrming the eﬀects to originate from radiative rate
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modulation rather than changes in Yb−Er energy transfer
processes.
To deconvolve the eﬀect of particle heterogeneity in our
quantum yield measurements, we also study single-particle
emission intensity. Measurements are conducted using dilute
samples that are deposited on glass microscope slides via spin
coating. The samples are imaged in a confocal microscope and
simultaneously excited using 980 nm light (see SI for more
details). UC emission intensity is monitored as a function of
sample position, as shown in Figure 3c. Finally, the samples are
gold-sputtered and imaged using a scanning electron micro-
scope (SEM). Fiducial markers are used to correlate the
measured emission values to single particles located in SEM
scans. Single-particle UC emission intensities are recorded for a
minimum of 50 nanoparticles in each sample. The resultant
distributions are ﬁt to Gaussian curves to extract a
representative intensity value for each sample. Finally, these
values are normalized by the corresponding particle size to
generate volumetric emission intensities; these data are shown
in Figure 3d, as is an example histogram for the case of x = 0.
This plot demonstrates that single-particle emission intensity
follows the same trend as that observed in total UC quantum
yield. Again, a cosubstitution value of 0.04 yields the brightest
emission, here producing 1.3× the intensity of visible light
emitted by the unmodiﬁed particles. Furthermore, UC intensity
from the x = 0.04 nanoparticles was observed to surpass 10 000
counts per second at a 980 nm irradiance of 110 kW/cm2. This
is to our knowledge the highest single-particle NIR-to-visible
UC emisssion intensity value reported for particles smaller than
50 nm, highlighting the merits of exploring cosubstitution for
bioimaging purposes.
To deﬁnitively conﬁrm that the radiative rate enhancement
and subsequent UC quantum yield boost result from
cosubstitution, we performed rigorous structural and composi-
tional characterization of our samples. The host lattice structure
of each β-NaY0.8−2xGdxLuxF4:Yb0.18Er0.02 sample was probed
using XRD. Because it exclusively probes long-range, global
order, XRD is the ideal method to conﬁrm that the phase and
the average unit cell are not aﬀected by cosubstitution.
Diﬀraction patterns for each sample are shown in Figure 4a.
The chief quantities of interest are consistency in the number of
peaks present and in the diﬀraction angles of the peaks.
Regarding the former, it is clear that no diﬀraction peaks
emerge or disappear as the cosubstitution value is varied,
demonstrating that no phase change is induced. Additionally,
each of the peaks present can be indexed using the ICDD 016-
0334 pattern (the standard for β-NaYF4) with the exception of
the peaks that occur at 36.9°, 38.0°, and 41°; these are
aluminum peaks caused by diﬀraction from the sample holder
(see SI). The peak positions remain constant throughout the
series, suggesting the average unit cell remains unchanged as
desired. In fact, the only noticeable (though slight) diﬀerences
in the XRD patterns are in the breadths of the peaks. Particle
size is largely responsible for this variation, although some
broadening is also to be expected as x is increased and the
distribution in lattice spacings widens accordingly.
To more quantitatively assess the consistency in average unit
cell size across the sample series, we extracted lattice parameter
values by ﬁtting each pattern using a Pawley routine60 (see SI
for additional details). The results are shown in Figure 4b,c. A
slight increase as a function of cosubstitution value is apparent
in both lattice constants a and c. The total magnitude of this
increase is 0.2% in both parameters. As discussed shortly, we
believe this overall lattice size increase likely follows from
incomplete Lu3+ incorporation in the nanoparticles. As a result,
the ratio of Gd3+ to Lu3+ present in the host matrices is slightly
above unity, yielding a slight but steady lattice constant increase
with cosusbstitution value. In conjunction with the phase purity
highlighted by the XRD patterns, we are thus able to say with
conﬁdence that the only structural changes engendered by
cosubstitution are limited as desired to the local scale.
Finally, we conﬁrm experimentally that cosubstitution does
not aﬀect the eﬃciency with which Yb3+ and Er3+ are
incorporated into the host lattice. The sensitivity of UC
performance in lanthanide-based systems to the precise
concentrations of lanthanide ions present has been thoroughly
characterized;31,43,48 thus, it is of paramount importance that
the fractions of Yb3+ and Er3+ in our samples are not inﬂuenced
by cosubstitution value. Figure 4d shows ion concentrations
measured experimentally using ICP-OES (see SI for details).
The experimental data are superimposed on lines that depict
the target composition fractions. It is immediately apparent
from the plot that the concentrations of both upconverting ions
neither vary from sample to sample nor deviate signiﬁcantly
Figure 4. Structural and chemical characterization. (a) XRD patterns for each sample obtained using Cu Kα1 X-rays (λ = 1.540 56 Å). Each is
consistent with the ICDD 016-0334 standard pattern (gray) with the exception of the marked peaks (asterisks); these arise from the aluminum
sample holder. (b, c) Lattice constants a and c, respectively. Values were obtained by ﬁtting the experimental diﬀraction patterns to a P63/m unit cell
using a recursive Pawley ﬁtting routine. Guides to the eye are included to emphasize the slight increase in lattice constant with cosubstitution. (d)
ICP-OES data obtained via dissolution of the nanoparticles in nitric acid. For each element in question, expected values (Exp.) are plotted as lines,
while measured concentrations (Meas.) are shown as discrete data points.
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from the target values of 0.18 for Yb3+ and 0.02 for Er3+.
Regarding the composition of the host matrix, the measured
fraction of Lu3+ is consistently observed to be slightly below the
target value. Conversely, both Y3+ and Gd3+ are correspond-
ingly present in greater amounts than intended, suggesting
these make up the balance of the lattice. We accordingly
attribute the previously discussed increase in unit cell size to
this Lu3+-poor deviation from the target lattice composition.
The salient point of Figure 4c, however, is that the consistency
measured in the upconverting ion concentrations eliminates
doping eﬃciency as a potentially spurious inﬂuence on UC
quantum yield.
In summary, we have achieved a 1.6× enhancement in UC
quantum yield by inducing local symmetry distortion in Yb,Er-
doped nanoparticles. Gd3+ and Lu3+ are cosubstituted for Y3+ to
achieve local modiﬁcation of the host matrix. We vary the
cosubstitution value to determine the host composition that
yields the most eﬃcient UC. The NIR-to-visible UC quantum
yield measured here of 0.074% is to our knowledge the highest
value attained for sub-25 nm unshelled nanoparticles. We
demonstrate that cosubstitution must be responsible for this
enhancement by using TEM, XRD, and ICP-OES to conﬁrm
that the particle morphologies, phase and average unit cell, and
composition fractions of Yb3+ and Er3+, respectively, are
consistent throughout the sample series. Additionally, by
measuring excited-state lifetimes and comparing them to the
observed quantum yield data, we prove that cosubstituting Gd3+
and Lu3+ for Y3+ does induce a radiative rate increase. Finally,
we investigate single-particle emission intensity to evaluate
these nanoparticles for bioimaging purposes and report a 1.3×
volumetric emission enhancement as well as a record value for
sub-50 nm particles of 10 000 counts per second under 110
kW/cm2 of 980 nm light. Cosubstitution values beyond 0.04
are seen to yield diminished UC quantum yields as well as
single-particle emission intensities, suggesting an increase in
lattice defects with cosubstitution.
The approach demonstrated herein to enhance UC quantum
yield is independent of particle size, suggesting that larger
nanoparticles as well as bulk samples would exhibit a similar
enhancement with cosubstitution. Furthermore, this technique
focuses on manipulating the local environments of the active
ions to make radiative emission more likely. It is thus to our
knowledge the ﬁrst to successfully and deﬁnitively mitigate the
problematically low radiative rates endemic to lanthanide-based
upconverting systems. Our work does not seek to address the
signiﬁcant problem of surface quenching in this materials
system and others like it. Thus, combining our approach with
the practice of adding an inert, passivating shell layer to the
particles could engender even larger enhancements and is
therefore the subject of ongoing research. Lastly, this work is
not speciﬁc to Yb,Er-based UC systems. Rather, the insight
gained here is broadly applicable and, when applied in tandem
with other eﬃciency-boosting techniques, may lead to truly
unprecedented UC quantum yield regimes.
■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acsphoto-
nics.6b00166.
Additional details regarding procedures followed and
equipment used, ancillary data, and expanded discussion
of results (PDF)
■ AUTHOR INFORMATION
Corresponding Authors
*E-mail: mwisser@stanford.edu.
*E-mail: asalleo@stanford.edu.
*E-mail: jdionne@stanford.edu.
Notes
The authors declare no competing ﬁnancial interest.
■ ACKNOWLEDGMENTS
The authors gratefully acknowledge the assistance of Tarun
Narayan, Alice Lay, Diane Wu, Arturas Vailionis, and
Guangchao Li. TEM characterization and XRD measurements
were performed at the Stanford Nano Shared Facilities (SNSF).
ICP-OES data were collected at the Environmental Measure-
ments Facility (EMF) at Stanford University. M.D.W., S.F.,
N.D.B., A.P.A., and J.A.D. acknowledge ﬁnancial support
provided as part of the DOE “Light-Material Interactions in
Energy Conversion” Energy Frontier Research Center under
grant DE-SC0001293. S.F. also acknowledges scholarship
support from the German Research Foundation (DFG,
agreement FI 2042/1-1). Additional funding was provided by
the Global Climate and Energy Project at Stanford University.
■ REFERENCES
(1) Wang, F.; Deng, R.; Liu, X. Preparation of core-shell NaGdF4
nanoparticles doped with luminescent lanthanide ions to be used as
upconversion-based probes. Nat. Protoc. 2014, 9.163410.1038/
nprot.2014.111
(2) Li, Z.; Zhang, Y. An efficient and user-friendly method for the
synthesis of hexagonal-phase NaYF4:Yb, Er/Tm nanocrystals with
controllable shape and upconversion fluorescence. Nanotechnology
2008, 19, 345606.
(3) Li, Z.; Wang, Z.; Wang, L.; Qian, H. Facile synthesis and
properties of spherical assemblies of NaYF4 nanocrystals with
consistent crystalline orientation. CrystEngComm 2011, 13, 7009.
(4) Li, Z.; Park, W.; Zorzetto, G.; Lemaire, J.-S.; Summers, C. J.
Synthesis protocols for δ-doped NaYF4:Yb,Er. Chem. Mater. 2014, 26,
1770−1778.
(5) Lei, L.; Chen, D.; Huang, P.; Xu, J.; Zhang, R.; Wang, Y.
Modifying the size and uniformity of upconversion Yb/Er: NaGdF4
nanocrystals through alkaline-earth doping. Nanoscale 2013, 5, 11298−
11305.
(6) Fischer, S.; Favilla, E.; Tonelli, M.; Goldschmidt, J. C. Record
efficient upconverter solar cell devices with optimized bifacial silicon
solar cells and monocrystalline BaY2F8:30% Er
3+ upconverter. Sol.
Energy Mater. Sol. Cells 2015, 136, 127−134.
(7) Wang, F.; Liu, X. Recent advances in the chemistry of lanthanide-
doped upconversion nanocrystals. Chem. Soc. Rev. 2009, 38, 976−989.
(8) Yu, H.; Cao, W.; Huang, Q.; Ma, E.; Zhang, X.; Yu, J.
Upconversion performance improvement of NaYF4:Yb, Er by Sn
codoping: Enhanced emission intensity and reduced decay time. J.
Solid State Chem. 2013, 207, 170−177.
(9) Wang, J.; Deng, R.; MacDonald, M. A.; Chen, B.; Yuan, J.; Wang,
F.; Chi, D.; Hor, T. S. A.; Zhang, P.; Liu, G.; Han, Y.; Liu, X.
Enhancing multiphoton upconversion through energy clustering at
sublattice level. Nat. Mater. 2014, 13, 157−162.
(10) Park, Y. I.; Nam, S. H.; Kim, J. H.; Bae, Y. M.; Yoo, B.; Kim, H.
M.; Jeon, K.-S.; Park, H. S.; Choi, J. S.; Lee, K. T.; Suh, Y. D.; Hyeon,
T. Comparative study of upconverting nanoparticles with various
crystal structures, core/shell structures, and surface characteristics. J.
Phys. Chem. C 2013, 117, 2239−2244.
ACS Photonics Article
DOI: 10.1021/acsphotonics.6b00166
ACS Photonics 2016, 3, 1523−1530
1528
(11) Fischer, S.; Martín-Rodríguez, R.; Fröhlich, B.; Kram̈er, K. W.;
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